In this study we report the isolation and characterization of normal-sized and small-colony variants of Enterococcus faecalis from outbreaks of amyloid arthropathy in chickens. Postmortem examinations of 59 chickens revealed orange deposits in the knee joints, typical for amyloid arthropathy. Bacterial cultures from 102 joints and 43 spleens exhibited pure (n ‫؍‬ 88) and mixed (n ‫؍‬ 11) cultures of normal (n ‫؍‬ 60) and pinpoint (n ‫؍‬ 28) colonies of E. faecalis. Pulsed-field gel electrophoresis of 62 isolates demonstrated seven different band patterns with at most two band size variations, and multilocus sequence typing demonstrated two different sequence types, sharing six out of seven alleles, suggesting a close evolutionary relationship between isolates obtained from four outbreaks. In addition, all isolates were clonally related to an amyloid arthropathy reference strain from The Netherlands, previously shown to be globally dispersed. Initial investigation of the isolated small-colony variant phenotype revealed no difference in whole-cell protein profiling between normal and pinpoint colonies. However, the pinpoint colony isolates appeared to be more virulent in an in vivo challenge model in chickens than their normal-sized-colony counterparts. In addition, pinpoint morphology and associated slow growth were expressed without reversion after in vitro and in vivo passage, suggesting a genuine altered phenotype, and in some instances normal colonies converted to pinpoint morphology postinfection. In conclusion, small-colony variants of E. faecalis are described for the first time from veterinary clinical sources and in relation to amyloid arthropathy in chickens.
Small-colony variants (SCV) are slowly growing subpopulations of bacteria with distinctive phenotypic and pathogenic traits. They exhibit atypical colony morphology and other unusual phenotypic characteristics (15) . SCV seem to be better able to persist intracellularly and to be less susceptible to antibiotics than their wild-type counterparts (28) . In addition, they may cause latent and recurrent infections, and a low growth rate and other unusual phenotypic characteristics make them a challenge for clinical microbiologists to identify. SCV have mostly been studied for Staphylococcus aureus but have also been reported to occur among Pseudomonas aeruginosa (12) , Vibrio cholerae (30) , Brucella melitensis (13) , Escherichia coli (9) , Salmonella enterica serovar Typhimurium (32) , and Neisseria gonorrhoeae (25) strains in addition to other genera and species. So far, SCV for Enterococcus spp. have been reported only from a human clinical case of endocarditis (14) .
Amyloid arthropathy was first described in brown layers (18) . Since then, unilateral or bilateral polyarticular amyloid arthropathy frequently accompanied by systemic amyloidosis involving mainly the liver and spleen has been reported extensively in brown layers and less frequently in broiler parents (33) . Enterococcus faecalis has been the most frequently demonstrated pathogen in cases of field outbreaks and is considered to have a significant role in pathogenesis (17) . Experimental infection studies with E. faecalis are able to reproduce the typical lesions observed in the joints (19, 20) . Infections occur only when the arthropathic and amyloidogenic strain is administered intravenously, intra-articularly, or intraperitoneally; however, natural infection routes remain to be elucidated (19) . Natural outbreaks associated with E. faecalis seem to be clonal or clonally related as demonstrated by pulsed-field gel electrophoresis (PFGE) (33) . Recently, a specific clone was demonstrated by multilocus sequence typing (MLST) to be associated with amyloid arthropathy worldwide (26) . Other pathogens have also been reported from naturally occurring cases (21) .
In this study we report for the first time the isolation of E. faecalis, demonstrating pinpoint colony morphology, from Lohmann Silver chickens with amyloid arthropathy. Further characterization of the isolates including comparisons to normal-colony morphology is reported, including animal passage.
MATERIALS AND METHODS
Diagnostic submissions. Lohmann Silver layers aged between 24 and 37 weeks with clinical signs of arthritis were received during a period of 6 months (January to June 2004) from four independent farms with free-range egg production. From each farm between one and four submissions were received, constituting a total of 59 chickens. All flocks affected originated from the same parent stock but were reared on three epidemiologically distinct farms. All chickens received were subjected to a full postmortem examination. Material for further investigations was obtained upon indication.
Lesions (joints and spleen) were swabbed with a sterile cotton wool swab and subsequently plated onto blood agar (blood agar base, CM55; Oxoid, Basingstoke, Hampshire, United Kingdom) containing 5% sterile bovine blood. Standard methods were used for incubation and subsequent identification of pathogens associated with lesions observed (34) . A total of 102 joints and 43 spleens were sampled and subsequently cultured bacteriologically.
16S rRNA gene sequencing. 16S rRNA gene sequencing of strains C19315/Led 5A (normal-colony morphology) and C19315/Led 5B pp (SCV) was performed as reported previously (3, 8) . A BLAST search (1) was performed in GenBank (5) to document the relationship to other sequences. Pairwise comparisons for similarity were performed by the program WATER included in EMBOSS (31) .
PFGE. A total of 62 strains, including three reference strains of E. faecalis, namely, 6085.94, 1244.94, and 199-2558-9EW, previously associated with reported cases of chicken amyloid arthropathy (18) , were included in the PFGE analysis. PFGE conditions were as described previously (7) with digestion of DNA with SmaI.
MLST. MLST was performed on 12 outbreak isolates, representing different PFGE types, and the reference strain 6085.94. Primers and PCR conditions were as described for the typing scheme published at the E. faecalis MLST home page (http://efaecalis.mlst.net/), with the exception of the primers published for the gyd gene. It was not possible for us to generate a sequence from the PCR product; therefore, a new set of primers was designed which were used for both the PCR amplification and the sequencing of the amplicon. The primers were gydFnew (5Ј-CAAACCATGAAACATTAACTGGA-3Ј) and gydRnew (5Ј-AA GTTAGCGAAGTATTCTAAAGTACGA-3Ј). These primers amplify a larger part of the gyd gene, surrounding the part which is amplified by the primers in the published MLST scheme. Amplification products were purified in Microspin S-400 HR columns (GE Healthcare, Buckinghamshire, United Kingdom) and sequenced in both directions using the PCR primers. Sequencing was performed at Macrogen Inc., Seoul, Korea. The obtained sequences were compared to published alleles at the E. faecalis MLST home page (efaecalis.mlst.net), and a sequence type (ST) was assigned to each strain. Sequences and strain information were deposited at the same website.
Protein analysis. Preparation of whole-cell protein samples for protein profiling was carried out as reported previously (6) . The NuPAGE Bis-Tris electrophoresis system (Invitrogen, United Kingdom) was used for separation of proteins which subsequently were stained with Simply Blue (Invitrogen, United Kingdom) following the manufacturer's instructions. Six isolates were analyzed, including reference strain 6085.94.
Chicken MHC haplotyping. To investigate whether affected birds in a flock were genetically predisposed to disease compared with those not affected, major histocompatibility complex (MHC) haplotyping using polymorphic microsatellite marker LEI0258 was performed according to the method of Fulton et al. (11) . Included in the analysis were 20 affected and 20 nonaffected birds from the same flock (farm I).
Experimental infection. Strains chosen were C19315/Led 1b pp (SCV) and C19315/Led 1a (normal-colony morphology). Both isolates were originally isolated from the same chicken suffering from arthritis and amyloid arthropathy and demonstrated an identical PFGE type. Cultures were taken from Ϫ80°C, incubated overnight at 37°C on blood agar base (CM0055; Oxoid) containing 5% sterile bovine blood, and subsequently cultured overnight in 10 ml brain heart infusion (Oxoid) at 37°C with shaking. Optical density was measured at 620 nm and adjusted to 0.1, to equate to a bacterial concentration of approximately 1 ϫ 10 8 CFU/ml. The bacterial concentrations were confirmed by plate counts. A total of 81 11-week-old Lohmann brown layers obtained from a commercial farm having a high level of biosecurity without a history of disease or increased mortality were randomly divided into seven groups as shown in Table 4 . After 1 week of acclimatization the birds were inoculated intravenously or subcutaneously or in the footpad with 0.5 ml buffered peptone water containing E. faecalis C19315/Led 1b pp or E. faecalis C19315/Led 1a. The control group was inoculated in the same way with sterile buffered peptone water. All birds were provided water and a standard feed ad libitum. Groups were separated and kept under free-range housing conditions without outdoor access. Three weeks after infection all birds were killed and examined as explained under "Diagnostic submissions." Experimental conditions were approved by the Danish Animal Ethics Committee.
Nucleotide sequence accession number. For reasons given below, only the sequence of strain C19315 Led 5A was deposited in GenBank, under accession number EU285587.
RESULTS

Mortality.
A total of four flocks of Lohmann Silver chickens were investigated. Three of the flocks suffered from increased first-week mortality (2.5 to 3.2%) while the fourth flock demonstrated 1.6% first-week mortality, compared to a normal first-week mortality of less than 1% (M. Bisgaard, personal communication). A slightly increased mortality was also observed at the ages of 4 to 5, 5 to 6, 6 to 9, and 9 weeks, with total mortalities during rearing constituting 7.0, 3.3, 2.5, and 5%, respectively. The reasons for these mortalities were, however, not investigated.
Pathology. Although retrospective investigations showed that all four flocks demonstrated some unevenness at the end of rearing, which resulted in culling of small birds before transportation to egg-laying farms, none of the owners submitted birds for examinations. However, during the start of egg production clinical signs indicative of arthritis became obvious and the flocks turned more uneven. Up to 13% of affected birds were culled, with the remaining healthy birds reported to develop normal production with no further signs of disease.
The submitted affected birds were emaciated, demonstrating unilateral or bilateral enlarged femorotibial and/or tibiometatarsal joints. With the exception of a few hip joints other joints were normal. Upon postmortem examination, deposits of orange material typical of amyloid were demonstrated within the superficial layers of articular cartilage and periarticular capsular structures. Cartilage surfaces were eroded, with erosions sometimes extending into bone tissue, resulting in osteomyelitis. The menisci of the stifle joints also showed orange deposits. Synovial fluid was increased, containing floccular greyish yellow exudates. Surprisingly, tendons and tendon sheaths remained unaffected.
Spleens were swollen, demonstrating proliferation of the white pulpa. In addition, hepatomegaly and renomegaly were often observed, with affected livers and kidneys showing a bronze to slightly yellowish color. (Fig. 1) . The proportion of pinpoint-sized colonies was greatest in the spleens (approximately 50% of positive spleens). In the joints approximately 25% of the positive samples demonstrated pure cultures of pinpoint-sized E. faecalis colonies (Table 1) .
16S rRNA sequencing. Two strains, C19315/Led 5A (normal-colony morphology) and C19315/Led 5B pp (SCV), isolated from the same animal, were identical in their nucleotide sequence (1,455 bp compared) and showed 99% similarity with other published 16S rRNA gene sequences for E. faecalis including the type strain. For this reason only the sequence of strain C19315 Led 5A was deposited in GenBank under accession number EU285587.
PFGE. A subset of 62 isolates was typed using PFGE. The typing demonstrated seven different band patterns (Table 2 and Fig. 2 ). All seven patterns were subtypes of the typical pattern demonstrated by the included reference strains (pattern B in this study) and differed at most with two band size variations. The most common band pattern (A) was demonstrated in 32 isolates, from all four farms.
MLST. Most strains included in the MLST were identified as ST82, including the amyloid arthropathy reference strain 6085.94 (Table 3 ). The only exceptions were the two strains with PFGE type D, which demonstrated a new sequence type, ST170. This new sequence type was identical in six out of seven alleles and thus was closely related to the remaining analyzed isolates. 
FIG. 2. PFGE of Danish outbreak isolates of Enterococcus faecalis
associated with amyloid arthropathy. Lanes 1 and 13, PFGE Low Range marker set (New England Biolabs); lanes 2 to 5 and 7 to 9, PFGE type A; lanes 6, 10, and 11, PFGE type B; lane 12, PFGE type C. 
Protein analysis.
No band pattern differences were observed among isolates demonstrating normal and pinpoint-size colony morphology (data not shown).
MHC. Three allele sizes for marker LEI0258 were demonstrated (252 bp, 312 bp, and 364 bp). Affected chickens demonstrated seven alleles of 252 bp, 16 alleles of 312 bp, and six alleles of 364 bp. Corresponding numbers for nonaffected chickens were 7, 20, and 5, respectively. No statistical difference was found between affected and nonaffected birds (P ϭ 0.82, chi-squared test), indicating that the two groups were similar in their MHCs.
Experimental infection. Groups 1, 3, and 5 (Table 4) were inoculated intravenously or subcutaneously or in the footpad, respectively, with isolate C19315/Led 1b pp (7.8 ϫ 10 8 CFU), demonstrating pinpoint colonies, while groups 2, 4, and 6 were inoculated with isolate C19315/Led 1a (2.0 ϫ 10 8 CFU), which showed normal colony morphology. In group 2, one bird died 2 weeks postinfection. Lesions in the liver were observed, but all bacteriological samples from this bird were sterile. In group 1, eight birds demonstrated increased fluid in hock joints. No other pathological lesions were observed when birds were sacrificed 3 weeks postinfection. Bacteriological examinations of the sacrificed birds revealed that for the intravenous inoculation, 9 out of 10 birds infected with pinpoint colonies sampled positive with recovery of the pinpoint colony morphology after 3 weeks. This was in contrast to none of the birds being infected with normal-sized colonies (Table 4) . Subcutaneous infection resulted in positive sampling from 2 out of 10 animals inoculated with normal-size colonies. However, the reisolated strains demonstrated pinpoint-size colony morphology. E. faecalis was reisolated from only one of a total of 26 birds inoculated in the footpad (Table 4 ). The inoculated and reisolated strains both demonstrated pinpoint-size colony morphology. All control birds sampled negative and demonstrated no clinical or pathological signs of disease.
DISCUSSION
In this study it was demonstrated that SCV of E. faecalis may be associated with outbreaks of amyloid arthropathy in chickens. To our knowledge, this is the first time that SCV of E. faecalis have been associated with lesions in veterinary medicine. Kaase et al. (14) described SCV of E. faecalis from a human endocarditis patient. It was reported that the phenotype was not stably expressed, as a portion of the bacteria reverted to a normal-sized phenotype (14) . SCV have previously been observed among a wide range of bacteria (see the review by Proctor et al. [29] ). Our observations indicate that SCV remain stable in vitro under laboratory conditions just as pinpoint colonies inoculated in vivo were reisolated 3 weeks postinfection. However, normal colonies inoculated subcutaneously were in two cases reisolated as pinpoint colonies 3 weeks later. It has been demonstrated in vivo that the SCV phenotype may be induced by exposure to sulfamethoxazoletrimethoprim (2), suggesting that the formation of SCV in vivo may be a response to the presence of antibiotics. However, in our study the experimental animals did not receive any antibiotic treatment.
SCV of S. aureus appear to be less virulent than normal strains but persist as well as parent strains do in animal models and human infections. The chicken infection study carried out demonstrated a difference between the two morphology types. When chickens were inoculated intravenously, only chickens infected with the pinpoint-sized E. faecalis sampled positive after 3 weeks while all chickens inoculated with normal-sized bacteria sampled negative (Table 4) . No significant difference between the two test strains was demonstrated for the other two infection routes (subcutaneously and in the footpad). Amyloid deposits were not demonstrated in the infection experiment. The same observation was made by Landman et al. (23) , who observed chickens 10 weeks post-infection with E. faecalis. A chronic inflammatory process will increase the chances for amyloid arthropathy, and thus, longer observation periods may be needed (23) . In contrast, histological amyloid deposits were demonstrated between synovial cells and in the superficial layer of articular surfaces 5 days post-intravenous infection by the same research group (20) . In group 1 in our study, increased synovial fluid was observed in all birds sampling positive for E. faecalis. Splenomegaly, however, was observed in only one out of nine affected birds, indicating a slow progression of amyloid arthropathy.
PFGE, MLST, and whole-cell protein analysis did not reveal any differences between normal-and pinpoint-sized colony morphology types of E. faecalis isolated from the same animal. Also the 16S rRNA sequences were identical for a set of isolates (pinpoint and normal) from the same animal. The association of pinpoint colonies with amyloid arthropathy, in contrast to previously described strains with normal colony morphology, could not be explained by protein profiling. Since the pinpoint phenotype appeared stable, the mechanism behind it is difficult to explain as a result of downregulation of (10) . Considering the low prevalence of amyloid arthropathy observed in affected flocks, it might be suggested that only certain MHC types are susceptible to amyloid arthropathy. MHC haplotyping with marker LEI0258 revealed no difference between affected and nonaffected chickens from the same flock, suggesting that genetic difference between the two groups is unlikely.
The two molecular typing methods, PFGE and MLST, demonstrated different discriminatory powers. The PFGE was able to specify different subgroups of isolates while most isolates included in the MLST demonstrated the same ST or, in the few exceptions, a closely related ST. By MLST, the genes encoding enzymes involved in conserved metabolic and information processes are compared at the DNA sequence level (24) and results are portable and easily comparable via Internet-based servers. E. faecalis isolates demonstrating ST82 were first described from a human clinical infection (16) and have recently been shown to be associated with amyloid arthropathy worldwide (26) .
In this study amyloid arthropathy is reported from four flocks of Lohmann Silver layer birds. Field cases of amyloid arthropathy have predominately been demonstrated in brown layers and only occasionally in broiler parents (35) . The four outbreaks described in this study indicate that the disease may be more common among layer lines other than brown layers than previously assumed. However, all affected birds in this study could be traced back to the same hatchery and parent flock.
Although amyloid arthropathy has been reproduced experimentally, the pathogenesis remains speculative (19, 20, 22, 23) . Previous indications and the present experimental infections clearly indicate a slowly developing disease. The possibility of vertical transmission has been suggested by Petersen et al. (26) to explain the existence of a global clone. The increased first-week mortality observed in three of the four affected flocks seems to support this hypothesis. However, increased mortality was also observed subsequently for all four flocks affected.
Several putative virulence genes have been identified for isolates of E. faecalis infecting humans (27) . Similar investigations have not yet been performed with avian isolates. Further studies are required to clarify the virulence properties of the isolates, including both the normal-sized-colony isolates and the SCV.
In conclusion, SCV of Enterococcus faecalis were obtained from lesions in chickens associated with amyloid arthropathy. To our knowledge this is the first veterinary report and the first characterization of this phenotype among E. faecalis strains. Preliminary molecular characterizations could not detect any differences from normal-sized counterparts. However, infection experiments suggested a higher infection potency for the SCV than for ordinary E. faecalis.
